Summary: Objectives/Hypothesis. This study aimed to determine the relationship among cognitive load condition and measures of autonomic arousal and voice production in healthy adults. Study Design. A prospective study design was conducted. Methods. Sixteen healthy young adults (eight men, eight women) produced a sentence containing an embedded Stroop task in each of two cognitive load conditions: congruent and incongruent. In both conditions, participants said the font color of the color words instead of the word text. In the incongruent condition, font color differed from the word text, creating an increase in cognitive load relative to the congruent condition in which font color and word text matched. Three physiologic measures of autonomic arousal (pulse volume amplitude, pulse period, and skin conductance response amplitude) and four acoustic measures of voice (sound pressure level, fundamental frequency, cepstral peak prominence, and low-to-high spectral energy ratio) were analyzed for eight sentence productions in each cognitive load condition per participant. Results. A logistic regression model was constructed to predict the cognitive load condition (congruent or incongruent) using subject as a categorical predictor and the three autonomic measures and four acoustic measures as continuous predictors. It revealed that skin conductance response amplitude, cepstral peak prominence, and low-to-high spectral energy ratio were significantly associated with cognitive load condition. Conclusions. During speech produced under increased cognitive load, healthy young adults show changes in physiologic markers of heightened autonomic arousal and acoustic measures of voice quality. Future work is necessary to examine these measures in older adults and individuals with voice disorders.
INTRODUCTION
Of the estimated 7% of the U.S. population impacted by voice disorders, 1,2 the most frequent diagnoses are classified as hyperfunctional voice disorders. 2 Although hyperfunctional voice disorders account for up to 40% of referrals to multidisciplinary voice clinics, 3 there is currently no agreement about their etiology. In addition to poor vocal hygiene and other voice-use factors, 4, 5 psychological factors, 5-10 personality traits, [11] [12] [13] [14] [15] [16] [17] and autonomic nervous system dysfunction 16, [18] [19] [20] have been implicated. With respect to the latter, investigations have primarily been based on signs and symptoms of autonomic dysfunction based on responses to questionnaires. However, there is growing experimental evidence that cognitive load and autonomic nervous system arousal affect speech motor control processes and detailed aspects of voice and speech motor performance in typical speakers. [21] [22] [23] [24] The autonomic nervous system is associated with the control of unconscious or involuntary physiologic functions. Traditionally, the sympathetic division has been associated with the preparation for and response to stressors (including higher cognitive demands), whereas the parasympathetic division has been associated with rest and repair functions. 25, 26 Although they exert opposite influences, the sympathetic and parasympathetic divisions work together to facilitate bodily responses and the maintenance of homeostasis. 25, 27 Thus, here, autonomic arousal is operationally defined as a physiologic state in which autonomic balance is shifted toward the sympathetic division relative to the parasympathetic division.
During speech production, autonomic arousal is increased relative to a resting state. 23, [28] [29] [30] [31] This arousal is thought to be related to similar changes in speech production that occur when cognitive demands are increased. With respect to speech articulation, higher cognitive demands have been shown to result in increased speech rate, increased spatiotemporal variability in labial kinematic patterns, and vowel centralization. [32] [33] [34] [35] Overall, increased autonomic arousal has been found to detrimentally affect the speech motor system, leading to disfluency and decreased speech motor stability. 23, 31, 36 However, the effects of increased cognitive load and the related autonomic arousal on features of vocal motor control are less clear.
Whereas some studies have found that speakers show increased sound pressure level during speech produced with a concurrent cognitive load relative to typical speech, 22, 34, 37 other studies have shown decreases 38 ; further, other work has found disparate sound pressure level changes in response to increased cognitive load within the same sample. 33 Likewise, increased, 39, 40 decreased, 38 and subject-specific responses 37 in voice fundamental frequency have also been shown as a result of increased cognitive demands. The few studies that have examined acoustic measures of voice quality have suggested that increased stress and/or cognitive demands are associated with a variety of vocal outcomes, some of which are conflicting: decreased timedomain perturbation measures (jitter and shimmer), 40 decreased nonharmonic noise, 40 increased energy in higher frequency harmonics 40 and thus decreased spectral tilt, 33 and shorter maximum phonation time (interpreted as increased breathiness and decreased glottal closure). 38 This wide range of results is likely a result of the variability in the number of subjects, the degree of control over the cognitive demands, and differences in the tasks and outcome measures.
Thus, the purpose of this study was to determine the relationship among the cognitive load condition in which a sentence was produced, physiologic measures of autonomic arousal, and acoustic measures of voice production in healthy young adults. We used an experimental paradigm that consisted of a sentence-level modification of Stroop's naming of color words task. 41 The Stroop task is a well-established mental stressor that has been used to study cognitive demands and autonomic arousal. 23, [42] [43] [44] [45] In the current study, a Stroop task was embedded into a sentence production task to experimentally manipulate cognitive load. Two cognitive load conditions were used: congruent, in which the color words were written in font colors that were the same as the semantic meaning of the text (eg, "red" written in red font), and incongruent, in which the color words were written in font colors that differed from the semantic meaning of the text (eg, "blue" written in red font). In both cognitive load conditions, participants were instructed to say aloud the name of the font color in which the color word was written, rather than the word itself. The incongruent condition represented an increase in cognitive load relative to the congruent condition. This increase in cognitive load has been primarily attributed to inhibitory and attentional executive processes that are taxed in the incongruent, or interference, condition. 44, 46, 47 Here, physiologic measures of autonomic arousal and acoustic measures of voice were examined as predictors of the congruent and incongruent cognitive load conditions.
METHOD Participants
Participants were 16 individuals with typical voices who reported no history of voice, speech, language, or hearing disorders (8 men, 8 women). They were aged 22-32 years (M = 25.8 years; SD = 3.5 years). Thorough inclusionary screening was conducted to control for factors known to affect autonomic, cognitive, linguistic, and speech functions. Likewise, thorough exclusionary criteria were used to ensure that participants were free from factors that could affect these functions.
To be included in the study, all participants were required to pass a pure tone hearing screening at 25 dB HL at 500, 1000, 2000, 4000, and 6000 Hz, demonstrate normal oral motor function as assessed with the Oral Speech Mechanism Screening Examination-3rd Edition, 48 and demonstrate normal color vision as assessed with the Ishihara Color Blindness Test. 49 All participants were native speakers of North American English, a requirement incorporated to add further control for differences in reading ability and cognitive load associated with speech production. Additionally, all participants demonstrated ageappropriate cognitive and language skills, as assessed with the Cognitive Linguistic Quick Test, 50 and demonstrated reading abilities at an eighth-grade level or higher, as assessed with the Word Identification and Passage Comprehension subtests of the Woodcock Reading Mastery Tests-Revised. 51 All participants successfully completed the Sentence Reading subtest of the Psycholinguistic Assessment of Language Processing in Aphasia, 52 which required them to read aloud sentences with varying syntactic and semantic properties with at least 80% accuracy.
Individuals were excluded if they were taking medication known to have an appreciable effect on motor or cognitive function (eg, medications for attention deficit disorder, anticonvulsants, and muscle relaxants). Because of potential effects on autonomic function, no individual reported a history of any of the following: autonomic failure, multiple system atrophy, diabetes, chronic obstructive pulmonary disease or emphysema, drug or alcohol abuse, or schizophrenia. [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] None of the participants had smoked within the past 5 years. None of the participants reported any of the following within the 6 months before the study: pregnancy or nursing; active depression, anxiety, or other psychiatric or psychological disorders; high or low blood pressure that was not under control with medication and/or lifestyle modifications; prediabetes or metabolic syndrome; sleep apnea or other diagnosed sleep disorders; dermatologic conditions (eg, eczema and psoriasis) affecting the hands; or loss of sensory or motor function in the upper extremities. 54, 56, [68] [69] [70] [71] [72] [73] Finally, participants reported having abstained from the consumption of alcohol, caffeine, and large meals and having not experienced any heavy physical activity or stressful events, such as a vigorous workout or a class exam, for at least 3 hours before the experiment.
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Procedure
Participants were seated in front of a computer monitor that was used for stimulus presentation. The examiner attached the electrodes and transducer for physiologic data collection and positioned the microphone for collection of the acoustic signal. The examiner then explained the experimental task, model and practice sentences were completed, and the experimental task commenced. The experimental task consisted of a sentencelevel modified Stroop paradigm in which cognitive load was manipulated through the use of congruent and incongruent Stroop conditions. 41 Autonomic and acoustic signals were collected over repeated sentence productions. Breaks and an informal picture description task were interspersed at regular intervals to decrease the potential for monotony and autonomic habituation.
The stimulus sentence used in this experiment was Pammy and Bobby picked blue, pink, red, and brown poppies with their mommy. The stimulus sentence had a Flesch-Kincaid grade level of 4.9, indicating that it should be understandable to individuals with a fourth-grade education level, 74, 75 and it had a Flesch Reading Ease score of 83, indicating that it should be "easy" to read.
As previously mentioned, the stimulus sentence contained an embedded Stroop task. This task occurred on the four color words in the middle of the sentence ("and" was always presented in black font). The sentence occurred an equal number of times in each of the two cognitive load conditions: congruent and incongruent. In the congruent condition, color words were written in font colors that matched the semantic meaning of the text (eg, "blue" written in blue font). In the incongruent condition, the font colors in which the color words were written did not match the semantic meaning of the text (eg, "pink" written in blue font). In both conditions, participants were instructed to say the font colors in which the color words were written, rather than reading the words. The font colors and thus the target production were the same in both conditions. Thus, in the above example, participants should have said "blue" in both cases. For the incongruent condition, the color words used in each sentence were pseudorandomly varied across repetitions, with the exception that "pink" was never presented in red font and "red" was never presented in pink font. Additionally, a color word was never written in the matching font color in the incongruent condition.
In each cognitive load condition, the stimulus sentence was presented as both target and foil sentences, with additional sentences with the same overall structure. The target sentences were those used for analysis. The foil sentences were the same as the target sentences, except that the orders of the embedded font colors and color words were changed. Foil sentences were not included in the analysis. The foil sentences and additional sentences were included in the experimental protocol to reduce participants' ability to predict or remember which colors occurred with the target sentences and to reduce the potential for autonomic habituation. As with the target sentences, foil and additional sentences occurred in both the congruent and incongruent conditions. Before beginning the experimental task, the experimenter verified that participants were able to clearly identify the colors used in the sentence stimuli, as presented on the computer monitor, as well as clearly read text from the computer monitor. The examiner explained the task and modeled the production of the stimulus sentence (shown on the monitor in all black font) once to familiarize participants with the sentence. The examiner then showed participants practice sentences and modeled what should be said for one practice sentence in each cognitive load condition. After the examiner's models, participants completed two practice sentences in each condition. Reinstruction and additional modeling were provided, if needed. The practice sentences were different from those used in the experimental task. During the experimental task, participants produced multiple spoken repetitions of the sentence stimuli at their habitual rate and loudness. Stimuli were visually presented one-at-a-time in Arial 48-point bold font on the 20-inch computer monitor located approximately 5 feet in front of participants.
Sentences (target, foil, and additional) were presented in sets of four blocks each (four sentences per block), with each set containing two blocks of congruent sentences and two blocks of incongruent sentences. Target sentences occurred once in each condition per set. Additionally, the target sentences always occurred in the first or second position in a given block to best capture autonomic responsiveness. The order in which the congruent and incongruent blocks appeared was pseudorandomized across sets. Each sentence block was preceded by a 30-second rest period during which baseline autonomic data were collected. Within each block, each sentence production was followed by an 8-second rest period to allow for autonomic recovery.
During rest periods, participants sat quietly and viewed fixation crosses on the computer monitor. A short break was taken after each set of sentences, during which time participants were able to move and ask questions. To decrease monotony, at every other break, participants completed a brief (<30 seconds) picture description task (not used in analyses). At a minimum, target sentences were presented eight times in each cognitive load condition per participant, resulting in at least eight productions in each condition that were appropriate for both autonomic and acoustic analysis, after excluding from data analysis inaccurate or atypical sentence productions. The entire experimental protocol took approximately 1 hour for each participant to complete.
Instrumentation and signal processing
Autonomic and acoustic signals were collected simultaneously with a Biopac MP150 Data Acquisition System, amplifiers, and the AcqKnowledge program (Biopac Systems, Inc., Goleta, CA). Two peripheral autonomic signals, pulse and skin conductance, were collected with the Biopac system via a transducer and electrodes attached to the right hand and the associated amplifiers. These analog autonomic signals were passed through the Biopac system to the ODAU II of a 3D Investigator Motion Capture System (Northern Digital, Inc., Waterloo, Canada) for recording. The acoustic signal was also directly recorded using parameters suitable for acoustic analyses, as described later.
The pulse signal was collected with the Biopac Pulse Plethysmogram Amplifier (PPG100C) (Biopac Systems, Inc.) and Photo Plethysmogram Transducer (TSD200) (Biopac Systems, Inc., Goleta, CA). The transducer was attached with a Velcro strap to the palmar surface of the distal phalange of the third or ring finger on the right hand. Neither the position of the transducer nor the tension of the Velcro strap was altered once the experimental task had begun so that the deformation of the underlying capillary bed remained constant throughout the experiment. The transducer emits an infrared signal and measures the amount of the signal reflected back, which varies with the amount of blood flow in the underlying capillaries. 76 Reflectance increases with increased capillary blood volume. The pulse signal was recorded with a gain factor of 100 and a sampling rate of 14,925 samples/second. It was bandpass filtered from 0.5 to 3 Hz with a 100-order FIR filter and downsampled to 250 samples/second.
The skin conductance signal was collected with the constant voltage (0.5 V) Biopac GSR EDA Galvanic Skin Response Amplifier (GSR100C) (Biopac Systems, Inc.) and two disposable EDA electrodes (EL507). The electrodes were attached to the palmar surface of the medial phalanges of the first or index and second or middle fingers 56 of the right hand. The electrodes were in place for a minimum of 5 minutes before experimental data collection began. The skin conductance signal reflects the activity of the eccrine sweat glands (and thus, sweat secretion) underlying the electrodes. Electrical conductance between these electrodes increases with increased sweat gland activity. The tonic skin conductance level signal was recorded with a gain of 10 µS/V and a sampling rate of 14,925 samples/second. It was low-pass filtered at 1 Hz and downsampled to 250 samples/second. The phasic skin conductance response signal was then derived from 
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Autonomic measures
All autonomic data were analyzed with a custom MATLAB (MathWorks, Natick, MA) program. All data were also visually inspected and any necessary changes were made to insure measurement accuracy. Autonomic signals were examined across the entire sentence, from a trigger signal marking the appearance of the stimulus sentence on the computer monitor to 3 seconds after the end of the acoustic signal. This allowed the autonomic signals to reflect the arousal associated with sentence planning and preparation and accommodated the relatively slow-moving time course of the autonomic signals (compared to the time course of speech movements). 54, 56 Autonomic data from the 30-second rest periods preceding each sentence block were analyzed to provide baseline autonomic values before each of the target sentences. Within each 30-second rest period, the two 5-second windows in which the autonomic signals reflected that the system was most relaxed were selected. The average values of each of the applicable autonomic measures across the two 5-second windows were used to create baseline values for each sentence block per participant.
The autonomic measures used in this study were selected for two primary reasons. First, they provide information on both sympathetic and parasympathetic function as well as cardiovascular (pulse measures) and electrodermal (skin conductance measure) systems. Second, the selected measures are established within the speech production literature and have been shown to be sensitive to speech production demands. 23, 31, 77 Two autonomic dependent measures, pulse volume amplitude and pulse period, were derived from the pulse signal. Pulse volume amplitude was measured by identifying amplitude minima and maxima in the pulse signal with a peak-finding algorithm and calculating the difference between adjacent maximum and minimum amplitudes. The mean pulse volume amplitude for each sentence production was referenced to the baseline mean pulse volume amplitude for that block, and it was then expressed as a percent of the baseline value. Thus, pulse volume amplitude as a percent of baseline amplitude was used in the statistical analysis. Pulse volume amplitude is expected to decrease with increased sympathetic arousal, as increased sympathetic arousal is associated with peripheral vasoconstriction. Pulse period was calculated as the time between adjacent pulse peaks in the pulse signal. It was measured using the same pulse peaks identified to calculate pulse volume amplitude. The mean pulse period was calculated for each sentence production. It was referenced to the baseline mean pulse period for that block and expressed as a percent of the baseline mean. Thus, pulse period during sentence production as a percent of baseline pulse period was used in the statistical analysis. Pulse period is expected to decrease with increased sympathetic arousal and/or decreased parasympathetic activation, as the heart is innervated by both of these divisions of the autonomic nervous system. The amplitude of the phasic skin conductance response (in microSiemens) occurring during each sentence production was measured as the difference between the maximum and onset amplitudes of the skin conductance response. 56 An algorithm automatically identified the points of onset and maximum of the skin conductance response within each sentence production window. The skin conductance response is a phasic (shortterm) measure of electrodermal activity associated with eccrine sweat gland activity. As sympathetic arousal increases, the activity of the eccrine sweat glands in certain body locations (such as the palmar surfaces of the hands) increases. This increased sweat gland activity leads to greater electrical conductance between the electrodes on the fingers and increases in the amplitude of the skin conductance response. 54, 56, 78 Because of the nature of this measure (ie, skin conductance responses should not occur during the measurement windows used for calculation of baseline values), it is not referenced to baseline values.
Acoustic measures
The average sound pressure level of each sentence was calculated using a custom MATLAB program. Before calculations, pauses were removed from all participant data to prevent bias in the measure. To remove pauses, data were initially filtered using a Butterworth filter designed in MATLAB to remove high frequency content. An envelope was then taken of the resulting signal to determine an appropriate cutoff for instances of speech. After the cutoff was applied, data were visually checked to ensure that all instances of speech were maintained. The remaining sections of data were concatenated and were used to calculate the average root-mean-square (RMS) in Volts for each sentence. The RMS was then converted to decibels relative to each participant's average RMS during the congruent condition. This measure was included to act as a direct comparison to the previous studies that found variable results across differing levels of experimental control. 22, 33, 34, 37, 38 The Computerized Speech Lab 4500 and the add-in program Analysis of Dysphonia in Speech and Voice (ADSV) (KayPENTAX, Montvale, NJ) were used to perform subsequent acoustic analyses using a cepstral peak prominence (CPP) threshold value of 6 dB. The measures were calculated as described by Awan. 79 The software performed a discrete Fourier transform on each production, which was divided into regions of low-and high-frequency energy using a 4000-Hz cutoff. The low-to-high spectral energy ratio in decibels is termed the L/H ratio. This spectral measure tends to be lower in dysphonic voices, which can be due to relatively higher energy in upper harmonics and/or increased spectral noise associated with perceptually breathy voices. ADSV computes cepstral-based measures by performing a second discrete Fourier transform on the power spectrum, followed by smoothing. The ratio in decibels of the maximum amplitude of the smoothed cepstrum and the expected value via a regression analysis is computed, forming the CPP. CPP values tend to be lower in dysphonic voices because of disturbed periodicity. The L/H ratio and CPP provide complementary acoustic features that are related to voice quality, which was of primary interest in this study. The frequency associated with the CPP is an estimate of the fundamental frequency of the voice. Values for each sentence in Hertz were converted to semitones relative to each participant's average values during the congruent condition, allowing for comparisons across male and female participants. As in the case of sound pressure level, the fundamental frequency was included to compare results to previous studies that found variable results across differing levels of experimental control.
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Statistical analysis
With Minitab Statistical Software (Version 17; Minitab Inc., State College, PA), a binary logistic regression model was constructed to predict the cognitive load condition (congruent or incongruent) using subject as a categorical predictor and the three autonomic measures and four acoustic measures as continuous predictors. Significance for the predictor variables was set a priori to P < 0.05 and was tested using likelihood ratio tests. Because the skin conductance response amplitude data were leftskewed, a cube root transform was applied to the data before statistical analysis, resulting in a distribution that was not significantly different from a normal distribution (P > 0.05) via a Kolmogorov-Smirnov test.
RESULTS
Average autonomic measures are shown as a function of cognitive load condition (congruent or incongruent) in Figure 1 . As expected, pulse volume amplitude during sentence production (expressed as a percent of baseline amplitude) was on average lower during the incongruent condition (M = 60.8%, SD = 26.6%) relative to the congruent condition (M = 64.4%, SD = 28.0%). Additionally, pulse period during sentence production (expressed as a percent of baseline pulse period) was shorter on average during the incongruent condition (M = 93.8%, SD = 9.3%) relative to the congruent condition (M = 95.6%, SD = 11.5%). Also, as expected, skin conductance response amplitude was on average higher during the incongruent condition (M = 0.886 μS, SD = 1.091 μS) relative to the congruent condition (M = 0.667 μS, SD = 0.794 μS).
Average acoustic measures are shown as a function of cognitive load condition in Figure 2 . No notable difference was seen in f0 between the congruent (M = 0.025 ST, SD = 0.912 ST) and the incongruent (M = 0.005 ST, SD = 1.06 ST) conditions or in the sound pressure level between the congruent (M = −0.623 dB, SD = 2.98 dB) and the incongruent (M = −.267 dB, SD = 3.10 dB) conditions. On average, CPP was higher during the incongruent condition (M = 7.11 dB, SD = 1.11 dB) relative to the congruent condition (M = 7.00 dB, SD = 1.12 dB), whereas the L/H ratio was on average lower during the incongruent condition (M = 37.8 dB, SD = 2.78 dB) relative to the congruent condition (M = 38.1 dB, SD = 2.80 dB).
Results of the logistic regression (Table 1) revealed that three predictor variables were significantly associated with the cognitive load condition: skin conductance response amplitude (P = 0.001), CPP (P = 0.050), and L/H ratio (P = 0.004). Despite these significant effects, overall, the model provided a relatively 
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poor fit of the data (R 2 = 0.08). However, this was likely due to the stochastic nature of physiologic and acoustic data, rather than an inappropriate modeling choice, because a Pearson chisquared goodness-of-fit test indicated a nonsignificant result (χ 2 = 265.3, P = 0.06).
DISCUSSION
This study sought to determine the relationship among the cognitive load condition (congruent or incongruent) in which a sentence was produced, physiologic measures of autonomic arousal, and acoustic measures of voice production. Overall, the findings indicate that measures of autonomic arousal and voice production were predictive of cognitive load condition, suggesting that these measures are physiologic and acoustic markers of increased cognitive load.
Autonomic findings
Regarding the autonomic nervous system findings, the results of the logistic regression (Table 1) indicated that skin conductance response amplitude was a significant predictor of the cognitive load condition in which the target sentences were produced (P = 0.001), with significantly greater amplitudes associated with the incongruent (increased cognitive load) condition. Skin conductance response amplitude reflects activation of the sympathetic (fight or flight) branch of the autonomic nervous system. 25 Although not significant, the two other autonomic measures, pulse volume amplitude and pulse period, also suggested increased sympathetic activation (and potentially reduced parasympathetic activation in the case of pulse period) in the incongruent condition compared to the congruent condition. Thus, the branch of the autonomic nervous system associated with response to stressors showed increased activation in the heightened cognitive load condition, when measures of vocal quality were also affected.
This study adds to the growing literature aimed at understanding the relationship between physiologic autonomic measures and vocal mechanism function. Helou et al found increased intrinsic laryngeal muscle activation paired with increased autonomic arousal (as reflected by heart rate and blood pressure measures) during stress (a cold pressor task). 21 Relatedly, Dietrich and Verdolini Abbott documented changes in systolic blood pressure between baseline speech and stress (public speaking) conditions. 80 Finally, a clinical case study of patientphysician interactions showed that changes in acoustic measures of voice were associated with independently detected intervals of increased skin conductance response amplitudes. 81 Although laryngeal electromyography was not completed in the present study and our data did not yield significant cardiovascular results, our finding of significantly increased electrodermal autonomic arousal is in general agreement with all three studies, demonstrating increased autonomic arousal under more demanding or stressful conditions and concomitant changes in vocal parameters.
The current work extends prior findings related to autonomic influences on the quality of speech motor control to autonomic influences on vocal quality. More specifically, the finding that vocal quality is affected by heightened autonomic arousal is consistent with work from the speech motor control domain, which has shown that speech motor performance (primarily articulatory) is negatively impacted by heightened autonomic arousal. 23, 31 Collectively, the current findings together with those from prior work suggest that the larger anatomic and physiologic mechanism for speech and voice production is impacted by heightened autonomic arousal associated with increased task demands.
Prior work on the relationship between autonomic function and voice function has largely used self-report measures of autonomic symptoms, [18] [19] [20] finding that individuals with dysphonia or voice complaints report more symptoms of autonomic dysfunction than those in comparison groups. The present findings that healthy young adults without voice disorders or complaints demonstrate increased autonomic arousal together with changes in vocal quality suggest that examining physiologic measures of autonomic arousal in individuals with voice disorders may be a fruitful avenue for better understanding the mechanisms underlying these disorders.
Voice findings
Results of the logistic regression (Table 1) revealed that two of the acoustic measures of voice production were significantly predictive of the cognitive load condition: CPP (P = 0.050) and the L/H ratio (P = 0.004). Increased CPP values suggest that the voicing signal was more periodic under cognitive load. This is consistent with the decreases in time-domain perturbation measures (jitter and shimmer) seen in previous work. 40 Lower L/H ratio values during the increased cognitive demand could be due 40 and decreased spectral tilt 33 with increased cognitive demands, which would be consistent with decreased L/H ratio values here that are a result of increased energy of upper harmonics. However, previous studies have also shown both decreases in spectral noise 40 as well as shorter maximum phonation time, interpreted as increased breathiness, which should accompany increases in spectral noise. 38 However, given the finding of increased CPP values, the lower L/H ratio values under cognitive load are most likely related to the creation of a more pressed voice, with increased (periodic) energy in the higher vocal harmonics. That said, physiologic interpretation of these changes in L/H ratio values is not truly possible without physiologic data. Future work in this area should incorporate methods such as electroglottography and high-speed videoendoscopy to better understand the bases of changes in voice quality under increased cognitive load.
Neither sound pressure level nor fundamental frequency were significant predictors of the presence of a cognitively demanding task. This lack of a strong association between cognitive load condition and the core voice attributes of sound pressure level and fundamental frequency is not terribly surprising. Although a variety of studies have examined these two acoustic measures as a function of cognitive load, the results have been disparate. 22, 33, 34, [37] [38] [39] [40] Based on these previous studies and the present results, voice quality may be more strongly impacted by increased cognitive load than sound pressure level or fundamental frequency.
Limitations and future work
This study is an initial step to understanding the intersection between voice production, autonomic arousal, and cognitive load. It offers both strengths and limitations. A strength of the current study is the use of direct, physiologic measures of autonomic arousal derived from multiple autonomic signals recorded during voice production, rather than secondary measures derived from responses to questionnaires. However, the sample size used does not allow for generalization of the results to the greater population. Also, voice production measures were limited to (noninvasive) acoustic measures. Future studies should additionally incorporate physiologic measures of voice production to aid in interpretation. Although acoustic measures were found to be significant predictors of increased cognitive load, the small magnitudes of these changes are of unknown clinical significance. Finally, a primary strength of the study is its wellcontrolled nature, which is also a limitation. The Stroop task allowed manipulation of cognitive load in the experimental setting in a manner that was consistent across participants. However, it is unclear how the task might transfer to daily life. Wellcontrolled laboratory studies are ultimately limited in their ability to characterize vocal behaviors, particularly in light of stressors. New techniques for ambulatory monitoring of voice use via neck-surface acceleration 82 when paired with ambulatory sensing of autonomic arousal may eventually allow for translation of this work to the everyday lives of speakers, including older individuals (who may respond differently to task demands) and individuals with voice disorders.
CONCLUSION
A physiologic measure of autonomic arousal (skin conductance response amplitude) and two measures of voice quality (CPP and the L/H ratio) were significantly associated with whether the cognitive load condition was congruent or incongruent. These results suggest that voice quality is impacted by increases in cognitive load, and that the associated changes in voice quality may be driven by autonomic nervous system arousal. More research is necessary to determine the extent and time course of these interactions, and to extend these methods to a broader population including older individuals and individuals with voice disorders.
